Introduction
The Standard Model of particle physics describes neutrinos as massless, neutral fermions, which can be detected only via weak interactions. There is compelling experimental evidence from neutrino experiments underlining the existence of neutrino ‰avour oscillations 1) . The observation of this phenomenon can be descried by massive neutrinos. Since experiments investigating neutrino oscillations are only sensitive to diŠerences in the mass eigenvalues Dm 2 ＝|m 2 (n i )-m 2 (n j )| and not to the absolute values, the scale and hierarchy of neutrino masses are not determined yet. An identiˆcation of the mass scheme realized in nature would not only solve the puzzle of absolute neutrino masses but could also point to the mechanisms of mass generation in extensions of the Standard Model.
In standard cosmological models, our universe isˆlled with primordial neutrinos arising from freeze-out in the early universe. These neutrinos are a natural candidate for non-baryonic hot dark matter. Depending on the actual neutrino mass, the neutrino content of the universe can exceed the baryonic mass density.
The above arguments demonstrate the importance of the absolute neutrino mass scale for both particle physics and cosmology. A model-independent approach to determine the neutrino mass is the kinematical analysis of electrons from radioactive b-decay near the endpoint energy E 0 . A non-vanishing neutrino mass reduces the electron endpoint energy and distorts the shape of the electron spectrum in the vicinity of E 0 -m(n).
KATRIN Experiment
The scheme of a measurement investigating the endpoint region of the electron energy spectrum from tritium b-decay with an electrostaticˆlter is illustrated in Fig. 1 . Electrons emitted by b-decay in the source are guided magnetically through the electrostatic retarding potential of the spectrometer, to be counted by a silicon detector. This magnetic adiabatic collimation followed by the electrostaticˆlter (MAC-E-ˆlter) represents an integrating high passˆlter for b-electrons. This technique has been used in the Mainz and Troitsk experiments with diŠerent tritium sources, providing the most stringent, model-independent limits on the neutrino mass so far, with [2] [3] [4] [5] m(n e )º2.2 eV/c 2 (95zC.L.) * 1 With well understood systematic eŠects, both experiments have now reached their sensitivity limits. The energy resolution of a MAC-E-ˆlter depends on the ratio of the strongest magneticˆeld B max and the weakest eld B min in the centre of the spectrometer. Due to ‰ux conservation the value of B･A remains constant, where A is the cross section of the magnetic ‰ux tube which guides the electrons from the source to the detector. Improving the energy resolution of such an experiment needs a much lower B min . Therefore the size of the spectrometer has to be increased considerably in order to Fig. 2 a) Energy spectrum of decay electrons from tritium b-decay. About 10 11 b-electrons per second will be emitted into the ‰ux tube through the spectrometer. b) Magniˆcation of the endpoint where the shape of the spectrum is sensitive to the value of the neutrino mass. Only 2･10 -13 of all electrons are in the last eV of the spectrum. Therefore the background rate has to be kept below 10 mHz. contain the larger cross section A of the magnetic ‰ux tube. Thus for measuring small neutrino masses size matters.
The KArlsruhe TRItium Neutrino experiment (KA-TRIN) will use the techniques developed in Mainz and Troitsk with a strong gaseous molecular tritium source and an electro-staticˆlter of unprecedented energy resolution 6) . The expected energy spectrum can be seen in Fig. 2 . Only b-electrons close to the endpoint E 0 of this spectrum carry information about the neutrino mass. The last eV below the endpoint contains only a fraction of 2･10 -13 of all b-electrons, which corresponds to a rate of about 0.02 counts/s. Simulations show that a sensitivity of 0.2 eV/c 2 can be reached for the neutrino mass after 3 years of measurement, if the total background rate is below 10 -2 counts/s. As the experimental observable is m(n e ) 2 , an improvement in sensitivity on m(n e ) of one order of magnitude corresponds to an improvement of a factor §100 in accuracy on m(n e ) 2 , leading to numerous technical challenges for this experiment. Figure 3 outlines the layout of the KATRIN experiment 7) , which adds up to a total length of about 70 m.
The KATRIN experiment is currently being set up at Forschungszentrum Karlsruhe (FZK), Germany. With the Tritium Laboratory Karlsruhe (TLK), a unique lab is available on site, which will house the complete tritium inventory, including the source and transport section. First components such as the pre-spectrometer (2003), main spectrometer (2006), some magnets and a prototype detector array are already on site, being thoroughly tested. The experiment is now in the construction and commissioning phase. First measurements are expected to start in 2012, with a total operation time of 5 years, including periods for maintenance and calibration.
Source and Transport Section
The source and transport section includes the Windowless Gaseous Tritium Source (WGTS), followed by DiŠerential Pumping Sections (DPS) and a Cryogenic Pumping Section (CPS). Electrons from b-decays will be guided adiabatically to the spectrometer section by magneticˆelds between 3.6 T and 5.6 T. The beam-tubes inside the super-conducting solenoids have diameters between 75 mm and 90 mm, interspersed with pump ports for turbo-molecular pumps (TMP). These pumps have to prevent tritium from entering the spectrometer section and are integrated in a closed loop circulation system, which retains all tritium. All parts containing tritium are enclosed in a second containment (usually glove boxes) inside TLK. The pressure inside the vacuum beam-line will range from 3.4･10
-3 mbar at the source to less than 10 -11 mbar in the spectrometer section.
Windowless Gaseous Tritium Source
The WGTS (Fig. 4) will be the standard b-electron source of KATRIN for the long-term tritium measurements. Ultra-cold molecular tritium gas (T＝27 K±30 mK) will be injected through a set of capillaries at the centre of the 10 m long WGTS tube with an injection pressure of p in ＝3.4･10 -3 mbar and a ‰ow rate of about 1.8 mbar･l/s (40 g(T 2 )/day). After injection the T 2 molecules will be transported by diŠusion over a length of 5 m to both ends of the source tube, where most of the tritium will be pumped out by TMPs of theˆrst stage of the diŠerential pumping section. This process leads to an almost linear decrease of the tritium number density 7, 8) .
Tritium Pumping System
In order to reach theˆnal sensitivity, the total background rate has to be below 10 -2 counts/s. Since there are various sources of background, each individual source should be kept below 10 -3 counts/s. With a halflife of 12.3 years an amount of 10 -14 mbar･l tritium has 10 -3 decays/s. Divided by the volume of the main spectrometer of 1240 m 3 this leads to a maximum partial tritium pressure of about 10 -20 mbar in the main spectrometer. With a pumping speed of 10 6 l/s the maximum allowed tritium ‰ow rate into the spectrometer section has to be below 10 -14 mbar･l/s. This very large suppression factor will be achieved in two stages, based on a combination of diŠerential (DPS) and cryogenic (CPS) pumping sections, with each stage providing a suppression factor in the order of 10 -7 . The pumping system of the pre- spectrometer adds an additional safety margin. Since almost all tritium will be recovered by the closed loop of the diŠerential pumping system, no tritium recovery will be necessary in the spectrometer section. In 3 years of operation only 10 5 Bq of tritium will enter the spectrometer section. About 99z of this tritium will be captured in the getter pumps, the rest will be pumped out by TMPs. Since this is several orders of magnitude below the permitted limit, no extra safety measures are needed for the vacuum system of the spectrometers. Theˆrst part of the tritium ‰ow suppression is based on diŠerential pumping [9] [10] [11] . Along the beam-line turbomolecular pumps with high pumping speed * 2 reduce the tritium ‰ow both at the rear and front ends of the source. As the DPS elements adjacent to the WGTS (DPS1-F, DPS1-R) in‰uence the stability of the gas ‰ow in the source, they have to be operated under almost identical conditions as the WGTS. Therefore theseˆrst DPS sections are contained in the source cryostat (see Fig. 4 ). The TMPs have to be operated close to the beam-line, in order to minimize conductance losses. Due to the strong magnets extensive tests have been made to investigate the behaviour of TMPs in magneticˆelds. First preliminary results will be shown below.
The diŠerential pumping system will reduce the tritium ‰ow into the subsequent passive cryo-trapping system (CPS) to 10 -7 mbar･l/s (at 273 K). The CPS will reduce the tritium ‰ow by another 7 orders of magnitude, allowing only a remaining ‰ow of 10 -14 mbar･l/s into the pre-spectrometer. During a normal measuring period of 60 days a total amount of about 0.5 mbar･l of tritium molecules can be accumulated in the CPS, corresponding to an activity of 5･10 10 Bq. The beam-tube of the CPS will be kept at a temperature of 4.5 K. At this temperature tritium molecules are passively adsorbed on the wall. To enhance the trapping probability, the cold surfaces of the CPS beam-tubes will be covered by a thin layer of argon frost. The main advantage of a condensed gas layer, compared to a solid adsorbent like charcoal, lies in the easy removal of both the adsorbent and the adsorbed tritium, thus minimizing the residual tritium contamination of the beam-tube. After each measuring period the metal-sealed gate valve to the spectrometer section will be closed, the CPS will be re-heated and the tritium gas will be returned to the closed tritium cycle.
Although data on hydrogen and deuterium adsorption on condensed gases are available (sticking coe‹cient a＝ 0.7 for argon frost at 4.2 K) 12) , no data on tritium adsorption were found. Recently a Monte Carlo simulation investigated the eŠect of electron stimulated desorption from tritium b-decay on the migration of tritium molecules along the cryo-sorption pump of the CPS beam-tube 13, 14) . In order to explore the adsorption properties of condensed argon for tritium, the test experiment TRAP* 3 has been set up by the KATRIN collaboration andˆrst results have been published for deuterium and tritium [15] [16] [17] .
Tandem Spectrometer
The central part of the experiment will be the tandem spectrometer section (see Fig. 5 ). It consists of two electrostatic spectrometers of MAC-E-Filter type: the prespectrometer, allowing only electrons with the highest energies to pass into the main spectrometer, where their kinetic energy will be analysed with a resolution of 0.93 eV.
The electrostaticˆeld will be generated by connecting the outer wall of each spectrometer to high voltage (-18.6 kV). Theˆeld will beˆne-tuned by an inner electrode system, made of more than 28000 very thin stainless steel wires. Both pre-spectrometer and main spectrometer have large, metal-sealed vacuum ‰anges (diameter: 1.7 m), which allow to enter the vessels for in- Fig. 5 The electrostaticˆlter system of the KATRIN experiment consists of the pre-spectrometer to reject all low energy electrons, followed by the large main spectrometer with an energy resolution of 0.93 eV. Both spectrometers are connected by a super-conducting solenoid. stallation of the inner electrode systems (see Fig. 6 , right picture). Beam-tubes end in cone-shaped ground electrodes, which are attached to the vacuum vessels via conical ceramic insulators.
Design and manufacturing
During standard operation very good UHV conditions of pº10 -11 mbar have to be maintained in both spectrometer vessels in order to keep a low background rate. The vacuum systems of both spectrometers are based on a combination of cascaded TMPs and NEG-pumps composed of about 3090 m of double-coated 30 mm wide Zr-V-Fe getter strips * 4 . The total eŠective getter surface adds up to 167 m 2 .
Hydrogen outgassing from the stainless steel walls is expected to be the main source of gas, which limits theˆ-nal pressure in each vessel. The surface of each vacuum vessel can be baked at temperatures up to 350°C for reduction of outgassing and activation of the NEGpumps. The pump ports containing the NEG cartridges can be heated independent of the main vessel, which allows baking at lower temperatures while still activating the NEG-pumps at 350°C.
The temperature of the walls is controlled by 15 m 3 of heat-transfer oil pumped through a system of stainless steel pipes, welded to the surface of each vessel. The oil remains liquid over the whole temperature range. During normal operation the temperature will be stabilized at room temperature (20°C). Optional cooling to -20°C is also possible, which would reduce the outgassing rate of the surface by almost one order of magnitude, as has been shown with the pre-spectrometer 18) . However, this requires the ambient air to have a dew-point below this temperature, in order to avoid condensation of water inside the thermal insulation and on the electrical insulators. At such low outgassing rates other gas sources, like hydrogen back-diŠusion through TMPs, start to limit theˆnal pressure. In addition maintaining such dry conditions for the huge main spectrometer vessel would be a considerable cost factor for infrastructure and running costs. Therefore the minimum temperature of the main spectrometer is limited to 10°C.
The high energy resolution of the main spectrometer requires large dimensions (see Fig. 6 ). mbar at room temperature. It is about one order of magnitude larger than spectrometers in previous b-experiments and itsˆnal pressure will be at least a factor of 10 smaller 7) . The stringent vacuum demands for the spectrometers required thorough testing of material properties, handling procedures, pumping schemes and equipment. For this reason two prototypes have been built, using 316LN stainless steel:
A cylindrical test recipient with a diameter of 0.5 m and a length of 1.5 m served as a prototype for the pre-spectrometer, which successfully tested basic design issues of the vacuum system. The pre-spectrometer with a diameter of 1.7 m, a length of 3.4 m, a surface of 25 m 2 and a volume of 8.5 m 3 served as a prototype for the main spectrometer. It demonstrated the scalability of the vacuum layout and the reliability of the large 1.7 m ‰ange design at all temperatures. Measurements with the pre-spectrometer showed that a hydrogen outgassing rate of 10 -12 mbar･l/s･cm 2 can be reached with 316LN stainless steel 18) , using standard sheet metal as delivered by the stainless steel manufacturer. The cleaning process after manufacturing included pickling, electro-polishing and rinsing with an alkaline degreaser and de-ionized water. Methods to reduce hydrogen outgassing, like vacuumˆring at high temperatures, could not be applied due to the dimensions of the spectrometers.
For the main spectrometer similar production methods and cleaning procedures were used. During manufacturing a large workshop hall was reserved for the KATRIN project. Before manufacturing started the ‰oor was coated and the whole hall was cleaned. The 316LN stainless steel sheets had a size of 3 m×12 m and were up to 32 mm thick. They have been machined and welded with high accuracy. The diameter of central cylindrical part of the main spectrometer deviated only by ±10 mm from the nominal measure.
The total weight of the main spectrometer of 200 t and its large dimensions strongly reduced the number of possible manufacturers who had to have both experience in building large vacuum chambers and had access to a large river for transportation. The distance between the manufacturer * 5 and FZK is about 400 km. Due to its size the main spectrometer had to be shipped on a river barge down the river Danube to the black sea, around Europe and up the river Rhine on a 9000 km detour. The left picture inˆgure 6 gives an impression of the logistics that was necessary to bring the spectrometer on site.
Vacuum Measurements

Main spectrometer 2.1.1 Vacuum setup of the main spectrometer
The vacuum system of the main spectrometer consists of cascaded TMPs and getter-pumps. The main gas load at room temperature comes predominantly from hydrogen outgassing of the stainless steel walls (690 m 2 ). The electrode system will add another 50z to the surface area. With an outgassing rate of 10 -12 mbar･l/s･cm 2 an eŠective pumping speed of 10 6 l/s is required to reach 10 -11 mbar. Simulations 19, 20) , based on results from measurements with the pre-spectrometer, showed that this can be achieved with 3000 m of St707 getter strips. Noble gases and other non-getterable gases will be pumped out by 6 TMPs (Leybold MAG W 2800 ) with a combined eŠective pumping speed of 10000 l/s. Each three of these TMPs are connected to a 300 l/s wide-rage TMP, which in turn is pumped out by a dry fore-pump.
Helium leak tests of the main spectrometer
The speciˆed integral leak tightness of the main spectrometer is smaller than 5･10 -9 mbar･l/s. The leak tightness of individual ‰anges is smaller than 10 -10 mbar･l/s. The integral leak test has been performed at the manufacturer's site before shipping the spectrometer to itsˆnal destination. The whole vessel was wrapped in a huge plastic foil, which wasˆlled with helium (concentration 50z). The vessel was pumped by one TMP (eŠective pumping speed: 2000 l/s) connected to a helium leak detector* 6 . The sensitivity and response time of the set-up was tested with a calibrated test leak connected to the spectrometer. Results were in good agreement with the expected response time 21) . In order to avoid wrong test results due to helium diŠusion through O-rings in the leak detector, the leak detector was operated inside a container with an independent ventilation system. No leak was detected.
After delivery to Karlsruhe and installation of the complete vacuum system only individual ‰anges were leak-tested. Plastic bags were put around the ‰anges and lled with helium. Each ‰ange was tested for about 30 minutes, with the spectrometer pumped by two TMPs in parallel, which were connected to an Alcatel ASM 192 leak detector. Again the response time and sensitivity were tested with a calibrated helium leak. The measurement was in good agreement with the expected 90z response time of 15 minutes.
Results of the outgassing measurements
Between TMPs and the main spectrometer metalsealed VATgate-valves (DN 250 CF) have been installed. Outgassing rates were measured using the rise of pressure method by closing these valves. Pressure values reported here were measured with a calibrated Extraktorgauge. RGA spectra, measured with an MKS MicroVision Plusmass spectrometer, have been used to calculate appropriate gas correction factors for the Extraktor gauge. RGA data were also used to monitor partial pressures versus time to identify gas types contributing to the outgassing rates and to exclude air leaks during the rise of pressure measurement. The estimated systematic error of the absolute pressure values after gas correction is ±40z, taking into account uncertainties of the nitrogen calibration of the gauge, gas correction factors, long-term stability of the gauge and non-linearity of the pressure signal.
Before theˆnal outgassing measurements started, the Fig. 7 The outgassing rates decreased with longer pumping time by about 0.5z per day, improving theˆnal pressure. spectrometer vessel was baked at 350°C. The whole bakeout cycle took about 9 days, including heat-up and cooldown times. Results of the outgassing measurements are shown in Table 1 . Several measurements were made over a period of 50 days, showing a slow reduction of the outgassing rate by 0.5z per day (see Fig. 7 ). The rise of pressure data were taken over periods of up to 100 hours in a pressure range between 10 -9 mbar and 3･10 -6 mbar. The slopes of pressure versus time were linear over the whole pressure range. After bake-out the dominating gas was hydrogen with an outgassing rate in the order of 10 -12 mbar･l/s･cm 2 . For part of the measurements the vessel had been cooled down. At 11°C the outgassing rate was reduced by a factor of 2.
Turbo-molecular pumps in magneticˆelds
In the DPS sections TMPs will be operated close to super-conducting solenoids. Therefore an experiment has been set up to investigate the stability and temperature rise (eddy currents) of the rotor of a MAG W 2800 TMP. Helmholtz coils have been used to generate a homogeneous magneticˆeld. With theˆeld lines running in parallel to the rotor axis no signiˆcant increase in temperature has been observed up to aˆeld strength of 25 mT. However, if theˆeld was perpendicular to the rotor axis a sharp increase in temperature could be observed, as shown in Fig. 8 . For safe long term operation the manufacturer recommends to keep the rotor temperature below 80°C. At 4.4 mT the temperature rose just above this value. Measurements are still continuing, investigating possible shielding materials. Results of these investigations will be published soon by N. Kernert et al.
Conclusions
The KATRIN experiment has ambitious goals, both in particle physics and in the technical realization of the experimental set-up. First vacuum measurements with the large main spectrometer vessel indicate an outgassing behaviour, which agrees well with results from much smaller prototypes. After installing theˆnal vacuum system, we expect to reach a pressure of 10 -11 mbar in the large 10 m main spectrometer. Other components of the experiment face diŠerent challenges, like the DPS, where TMPs have to be operated close to super-conducting solenoids.
The next step for the main spectrometer will be the installation of the inner electrode system in 2009. After delivery and test of all components we expectˆrst measurements in 2012.
